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FIELD OF THE INVENTION 

i 

fc i i 

[0001] The present invention generally relates to the field of clock data recovery. More 

specifically, embodiments of the present invention pertain to circuitry, architectures, systems and . 
methods for recovering a high frequency clock signal from a data stream. 

5 DISCUSSION OF THE BACKGROUND 

\ ... 

[0002] FIG. 1 shows a conventional physical layer transceiver 10 (or PHY device), 

configured to operate in a storage network. Transceiver 10 generally comprises a transmitter 
20, a receiver 30, a digital timing loop 40 and a finite state machine 50. Digital timing loop 40 
receives a digital receiver clock signal RXCLK from receiver 30 and (optionally) a digital 

10 transmitter clock signal TXCLK from transmitter 20, and outputs multi-bit adjustment/control 
signals TXDPHER and RXDPHER to transmitter 20 and receiver 30, respectively. In one 
embodiment, digital clock signal TXCLK has a frequency about double that of digital clock 
signal RXCLK. Digital timing loop 40 also receives a control signal CNTRL from finite state 
machine 50, and provides an active "phase locked" status signal PHLOCK to finite state machine 

15 50 under appropriate conditions. Digital timing loop 40 functions to keep timing signals in the 
receiver 30 locked to and in phase with an appropriate reference signal. Finite state machine 50 
also functions to reset transmitter 20 and receiver 30 on power up and to reset digital timing loop 
40 under appropriate conditions. 

[0003] In one application, transmitter 20 transmits a serial data stream generated from a 

20 coupled storage device to a network, and receiver 30 receives a serial data stream from the 

network for subsequent processing (e.g., conversion to a parallel data stream and storage in the 

coupled storage device). Transmitter 20 and receiver 30 also receive an internal reference clock 
, signal from a phase locked loop (PLL) on the PHY device (see PLL 114 in FIG. 2) for 

generating the respective digital transmitter and receiver clock signals that control data transfer 
25 and processing functions. 
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[0004] Referring now to FIG. 2, one function of a PLL 114 is to generate one or more 

periodic signals, which may have multiple phases. Furthermore, functions of clock data 
recovery (CDR) circuitry include (i) selecting an appropriate phase of a periodic . signal (or 
"clock") from the PLL to lock to the incoming data stream and (ii) generating or producing a 
5 recovered clock from the phase-locked PLL clock. Thus, CDR circuitry may provide a number 
of control and/or status signals to digital timing loop 40, including signals UP and DN, which 

* 

instruct the digital timing loop 40 to speed up or slow down the recovered clock. 

[0005] One approach to locking a recovered clock to a reference clock is shown in FIGS. 

2 and 3 . FIG. 2 shows clock adjustment circuitry 1 00 within the digital timing loop 40 of FIG. 1 . 

10 CDR circuitry 100 generally comprises phase adjustment circuitry 104 and first integrator 106. 
A "receiver loop" comprises the summed output from phase adjustment circuitry 104 and 
integrator 106 in digital timing loop 40, and a first interpolator or reference clock phase selection 
circuit 116 and a phase detector block 102 in receiver 30. Integrator 106 feeds a multi-bit phase 
error correction signal RXDPHER to interpolator 116, which selects an appropriate phase of a 

15 multi-phase reference clock to input into phase detector block 102 in receiver 30. Phase detector 
block 102 also generates the signals UP and DN. In one embodiment, phase detector block 102 
comprises four parallel phase detectors, each of which outputs separate UP and DN signals (see 
FIG. 1) that are then input into appropriate logic (e.g., "majority vote" logic) to determine the 
state of the up/dn signal input into phase adjustment circuitry 104. 

20 [0006] In the diagram of FIG. 2, the recovered clock signal RXCLK is produced by 

receiver 30. Phase detector 102 in receiver 30 receives a serial data stream RX from an external 
source in the network, and passes a received data signal RXD to data processing circuitry in the 
PHY device. Phase detector 102 also provides clock signal RXCLK recovered from the serial 
* data stream. Clock adjustment circuitry 100 is configured to correct phase error or phase offset 
25 in the recovered clock RXCLK. PLL 1 14, which receives a reference frequency from an 
. external crystal oscillator XTL, provides a "master" or reference clock signal to receiver 30 and 
transmitter 20, from which the respective multi-phase reference clocks are generated. Phase 
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error correction signal RXDPHER is fed into a multiplexer in interpolator 116 to select an 
appropriate phase of the PLL reference clock for input into phase detector 102. When the 
incoming data transmission rate is the same as the reference clock signal and the clock data 
recovery circuitry is in equilibrium, then the value of phase error correction signal RXDPHER 
5 remains constant, the same phase of the PLL reference clock is continuously selected, and the 
PLL reference clock is phase locked to the incoming data. If the incoming data transmission rate 
changes, the phase detector will detect an offset between the incoming data stream and the 
selected PLL reference clock, the value(s) of phase error correction signal RXDPHER will 

- - ' . * - » 

change, and a different phase of the PLL reference clock will be selected to adjust it closer to or 
10 into alignment with the phase of the incoming data signal 

[0007] FIG. 3 A is a simplified diagram of conventional phase adjustment circuitry 1 04 in 

the clock adjustment circuitry of FIG. 2. A phase adjustment control signal up/dn is output from 
receiver phase detector 102 (or, alternatively, UP/DN logic in clock adjustment circuitry 100). 
In one embodiment, phase adjustment control signal up/dn is a three-level signal (i.e., having +1, 
15 0, and -1 states). Phase adjustment circuit 104 comprises a phase adjustment path 120 and a 
phase-frequency adjustment path 122 parallel thereto, both of which receive the phase 

r « 

adjustment control signal up/dn. Phase adjustment path 120 generally comprises a multiplier 
130, and phase-frequency adjustment path 122 generally comprises a multiplier 132 and an 
integrator 134; Multiplier 130 also receives a phase adjustment coefficient p p , and multiplier 
20 132 receives a phase-frequency adjustment coefficient jif. These coefficients are essentially bias 
signals generated by conventional bias generator circuitry in accordance with predetermined 
design criteria, applied to multipliers 130 and 132 to provide predetermined and/or controlled 
effects on the phase adjustment of the recovered clock signal RXCLK. The outputs of the two 
adjustment paths are summed by adder 136. 

25 [0008] FIG. 3B shows a data waveform and set of equations for illustrating the operation 

of the clock phase adjustment circuitry of FIG. 3A. In FIG. 3B, symbols "e x " and "c x " represent 
, transitions of certain defined phases of the PLL reference clock (also see FIG. 6 and the 
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corresponding description below). The edge, or "e," reference clock is designed to have 
transitions that generally coincide with transitions in the data stream, and the center, or "c," 
reference clock is designed to have transitions that occur during excursions or voltage level 
swings representing binary logic values in the individual data bits. 

5 [0009] The up/dn signal (or alternatively, an UP and/or DN signal) is generated by 

sampling and comparing certain data points. At reference clock transitions ei and ci, data is 
sampled and logically compared. If ei ^ ci, then a transition (or phase change) has occurred in 
the data stream within a fraction of a data bit length. (Herein, a "data bit length" refers to the 
length of time for receiving one bit of data; e.g., in a data stream having a transmission rate of 1 

10 Gb/sec, a data bit length is 1 ns.) As a result, phase detector 102 asserts an active dn signal (e.g., 
a »1 value), and an appropriate adjustment is made to the RXDPHER signal to select a different 
phase of the PLL reference clock, thereby moving its phase closer to alignment with the data 
stream. This process may be repeated until the PLL reference clock and the incoming data 
stream are phase-aligned (i.e., the same transition occurs in each signal within an "alignment 

15 window," or period of time during which no difference in phase can be detected). Also, at 

* 

reference clock transition e2, the data is sampled and compared to the data value at reference 
clock transition ci. If ci V= z>2> then a transition has occurred in the data stream within about one 
data bit length, but between excursions in the data bits. As a result, phase detector 102 asserts an 

« 

active up signal, and appropriate control signals are applied to the RXDPHER signal to select a 
20 different phase of the PLL reference clock, thereby moving its phase closer to alignment with the 
data stream. This process may also be repeated until the two clocks are phase-aligned. Ideally, 
there is no bias between up and dn assertions; i.e., the amount of time that up is asserted is 
roughly equal to the amount of time that dn is asserted. 

[0010] Although phase adjustment circuit 104 includes a phase-frequency adjustment 

25 path 122, the term "phase-frequency" is more of a label than a completely accurate 
characterization of the circuit. For example, phase detector 102 only detects phase differences, 
and not frequency differences, between the, PLL reference clock and the data stream. 
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Furthermore, the logic that generates phase adjustment control signal up/dn can only determine 
whether a phase transition has occurred. This logic cannot provide any information about the 
frequency of the recovered clock RXCLK. Consequently, designers must assume and/or infer 
'. certain relationships between phase differences and frequency differences, and make different 
5 adjustments for perceived frequency differences. For example, phase-frequency adjustment path 
122 includes an integrator 134, whereas phase adjustment path 120 does not. Also, the 
coefficients input into multipliers 130 and 132 typically differ from each other. The resultant 
output from phase-frequency adjustment path 122 is generally considered representative of a 
frequency offset between the transmission rate of incoming data and the recovered clock (or a 
10 multiplied and/or divided equivalent thereof). 

[0011] However, this approach is not 1 00% effective for correcting frequency offsets in a 

clock signal recovered from a data stream. There is a potential error condition in the clock data 
recovery loop of FIG. 2 where the frequency offset between the reference clock and the 
incoming data stream is sufficiently large to cause the loop to diverge. In fact, under some 
15 conditions, a difference in the frequencies of the recovered clock signal and data stream will 
increase as the clock adjustment circuitry adjusts their phases into alignment. 

[0012] As is known in the art, the data stream coming into the receiver 30 may be 

intermittent, and its rate may vary slightly from source to source. Occasionally, the rate from a 
single source may vary as well. Where the changes or disparities in transmission rates (or 
20 differences between the data transmission rate and the PLL frequency) lead to relatively large 

* - * 

offsets in the phase of the recovered clock, the phase detector 102 and phase-frequency 
adjustment circuitry 104 will push the phase of the recovered clock in one direction in order to 
align it with the PLL. However, at sufficiently high offsets (e.g., about 1.5% or greater), the 
phase adjustment will actually change the frequency of the recovered clock in the direction away 
25 from convergence. In such a case, a runaway condition may result, leading to device failure and 
a need to reset the device. Therefore, a need exists to solve this potential failure mechanism. 

. * 
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[0013] As network speeds increase, the potential failure modes associated with clock 

data recovery make designing stable, flexible, adaptable and effective clock data recovery 
circuitry challenging. Thus, what is needed is an approach to high-speed clock data recovery 
designs that minimize or prevent the potential nonconvergence/clock runaway problem described 

r ... ' 1 

5 above, preferably with minimal or no changes to existing designs and logic, and minimal 
additional circuitry to be added thereto. 

SUMMARY OF THE INVENTION 

i 1 - . • '. 

1 

[0014] Embodiments of the present invention relate to circuitry, architectures, systems 

and methods for clock data recovery from a data stream in a network. The circuitry generally 

10 comprises (a) a clock phase adjustment circuit, receiving clock phase information and providing 
a clock phase adjustment signal, (b) a clock frequency adjustment circuit, receiving clock 
frequency information and providing a clock frequency adjustment signal, and (c) an adder 
circuit, receiving the clock phase adjustment signal and the clock frequency adjustment signal, 
and providing a clock recovery adjustment signal. The architectures and/or systems generally 

1 5 comprise those that include a clock data recovery circuit embodying one or more of the inventive 
concepts disclosed herein. The method generally comprises the steps of (1) sampling the data 
stream at predetermined times, (2) generating clock frequency information and clock phase 
information from sampled data, and (3) altering a frequency and/or a phase of the clock signal in 
response to the clock frequency information and the clock phase information. 

20 [0015] The present invention advantageously provides significantly greater coverage 

against one or more frequency-related failure modes associated with clock data recovery 
circuitry, particularly the nonconvergence/clock runaway problem described above. The present 
invention may also be used to improve existing designs and logic, with minimal or no changes. 
Thus, the present invention advantageously enables one to improve the reliability, stability and 

25 effectiveness of existing transceivers and networks, with a minimal amount of additional 
circuitry. 
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[0016] These and other advantages of the present invention will become readily apparent 

from the detailed description of preferred embodiments below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

(0017] FIG. 1 is a box diagram showing a conventional architecture for a storage 

5 network physical layer device. 

[0018] FIG. 2 is a diagram showing a conventional architecture and circuitry for clock 

data recovery in the physical layer device of FIG. 1. 

[0019] FIG. 3 A is a diagram showing conventional phase adjusting circuitry for the clock 

data recovery architecture and circuitry of FIG. 2, and FIG. 3B shows a data waveform and set of 
10 equations for the clock phase adjustment circuitry of FIG. 3 A, 

■ »■ 

>■ 

[0020] FIG. 4 is a diagram showing exemplary circuitry for adjusting a recovered clock 

implementing the present invention. 

[0021] FIGS. 5A-5B each shows a data waveform and set of equations for the clock 

frequency adjustment circuitry of FIG. 4. 

15 [0022] FIG. 6 is a set of waveforms illustrating an exemplary embodiment of clock 

phases for sampling data according to the present invention. 

[0023] FIGS. 7A-B each show a set of waveforms illustrating examples of early and late 

recovered clock phases according to the present invention. 
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[0024] FIG. 8 is a box diagram showing an exemplary architecture for clock data 

recovery, embodying the present invention. 

r 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0025] Reference will now be made in detail to the preferred embodiments of the 

5 invention, examples of which are illustrated in the accompanying drawings. While the invention 
will be described in conjunction with the preferred embodiments, it will be understood that they 
are not intended to limit the invention to these embodiments. On the contrary, the invention is 
intended to cover alternatives, modifications and equivalents, which may be included within the , 
spirit and scope of the invention as defined by the appended claims. Furthermore, in the 

10 following detailed description of the present invention, numerous specific details are set forth in 
order to provide a thorough understanding of the present invention. However, it will be readily 
apparent to one skilled in the art that the present invention may be practiced without these 
specific details. In other instances, well-known methods, procedures, components, and circuits 
have not been described in detail so as not to unnecessarily obscure aspects of the present 

1 5 invention. 

.i ■ ■ - , . , . 

[0026] Some portions of the detailed descriptions which follow are presented in terms of 

processes, procedures, logic blocks, functional blocks, processing, and other symbolic 
representations of operations on data bits, data streams or waveforms within a computer, 
processor, controller and/or memory. These descriptions and representations are generally used 

20 by those skilled in the data processing arts to effectively convey the substance of their work to 
others skilled in the art. A process, procedure, logic block, function, process, etc., is herein, and 
is generally, considered to be a self-consistent sequence of steps or instructions leading to a 
desired and/or expected result. The steps generally include physical manipulations of physical 
quantities. Usually, though not necessarily, these quantities take the form of electrical, magnetic, 

25 optical, or quantum signals capable of being stored, transferred, combined, compared, and 
otherwise manipulated in a computer or data processing system. It has proven convenient at 
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times, principally for reasons of common usage, to refer to these signals as bits, waves, 
waveforms, streams, values, elements, symbols, characters, terms, numbers, or the like. 

[0027] It should be borne in mind, however, that all of these and similar terms are 

associated with the appropriate physical quantities and are merely convenient labels applied to 
5 these quantities. Unless specifically stated otherwise and/or as is apparent from the following 
discussions, it is appreciated that throughout the present application, discussions utilizing terms 
such as "processing," "operating," "computing," "calculating," "determining," "manipulating," 
"transforming," "displaying" or the like, refer to the action and processes of a computer or data 
processing system, or similar processing device (e.g., an electrical, optical, or quantum 

10 computing or processing device), that manipulates and transforms data represented as physical 
(e.g., electronic) quantities. The terms refer to actions and processes of the processing devices 
that manipulate or transform physical quantities within the component(s) of a system or 
architecture (e.g., registers, memories, other such information storage, transmission or display 
devices, etc.) into other data similarly represented as physical quantities within other 

15 . components of the same or a different system or architecture. 

. . . 

[0028] Furthermore, for the sake of convenience and simplicity, the terms "clock," 

"time," "rate," "period" and "frequency" are generally used interchangeably herein, but are 

* * ■ ■ * . ■ 

generally given their art-recognized meanings. Also, for convenience and simplicity, the terms 
"data," "data stream," "waveform" and "information" may be used interchangeably, as may the 
20 terms "connected to," "coupled with," "coupled to," and "in communication with," but these 
terms are also generally given their art-recognized meanings. 

[0029] The present invention concerns a circuit, architecture and system for clock data 

recovery. The clock recovery adjustment circuit generally comprises (a) a clock phase 
adjustment circuit, (b) a clock frequency adjustment circuit, and (c) an adder circuit. The clock 
25 phase adjustment circuit receives clock phase information and provides a clock phase adjustment 
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I 

signal The clock frequency adjustment circuit receives clock frequency information and 
provides a clock frequency adjustment signal. The adder circuit receives the clock phase 
adjustment signal and the clock frequency adjustment signal, and provides a clock recovery 
adjustment signal. . The clock recovery adjustment circuit generally adjusts a clock signal 
5 recovered from a data stream. 

- ' i 

[0030] A further aspect of the invention concerns a clock data recovery circuit generally 

comprising (a) the present clock recovery adjustment circuit, and (b) a clock recovery circuit, 
configured to sample a data stream and provide (i) a recovered clock signal and (ii) the clock 
phase information and the clock frequency information from sampled data. 

10 [0031 J An even further aspect of the invention concerns a transceiver architecture, 

generally comprising the present clock data recovery circuit, a transmitter communicatively 
coupled to the clock data recovery circuit and configured to transmit serial data to a network, a 
receiver communicatively coupled to the clock data recovery circuit and configured to receive 
serial data from the network, and a PLL configured to provide a reference clock signal to the 

1 5 transmitter and the receiver. Further aspects of the invention concern systems and networks that 
include transceivers embodying the inventive concepts described herein. 

■ 

[0032] Even further aspects of the invention concern methods of recovering a clock 

signal from a data stream and of adjusting such a recovered clock signal. The method of 
adjusting a clock signal generally comprises the steps of (a) sampling the data stream at 

20 predetermined times, (b) generating clock frequency information and clock phase information 
from sampled data, and (c) altering a frequency and/or a phase of the clock signal in response to 
the clock frequency information and the clock phase information. The method of recovering a 
clock signal from a data stream generally further comprises the steps of (i) receiving the data 
stream in a phase detector, and (ii) producing a recovered clock signal having its frequency 

25 and/or phase adjusted according to the present method of adjusting a clock signal. 
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[0033] The invention, in its various aspects, will be explained in greater detail below 

with regard to exemplary embodiments. 

[0034] An Exemplary Phase-Frequency Adjustment Circuit 

[0035] In one aspect, the present invention relates to a clock recovery adjustment circuit, 

5 comprising (a) a clock phase adjustment circuit, receiving clock phase information and providing 
. a clock phase adjustment signal, (b) a clock frequency adjustment circuit, receiving clock 
frequency information and providing a clock frequency adjustment signal, and (c) an adder 
circuit, receiving the clock phase adjustment signal and the clock frequency adjustment signal, 
and providing a clock recovery adjustment signal. The clock recovery adjustment circuit is 
10 generally configured to adjust a clock signal recovered from a data stream. 

[0036] FIG. 4 shows a first exemplary embodiment, including clock phase adjustment 

circuit 206, clock frequency adjustment circuit 208, and adder circuit 210. Clock phase . 
adjustment circuit 206 receives a phase error control signal up/dn from the receiver. As 
described above, up/dn signal is generated by logic in the receiver (preferably a phase detector) 

1 5 from clock phase information. Clock phase adjustment circuit 206 provides one or more clock 
phase adjustment signals, depending on the number of paths in and/or outputs from in 206. In 
the embodiment shown in FIG. 4, clock phase adjustment circuit 206 has two parallel paths and 
two clock phase adjustment outputs 218a and 218b. Clock frequency adjustment circuit 208 
receives frequency error control signal upf/dnf from the receiver and provides a clock frequency 

20 adjustment signal 220. Adder circuit 210 receives the clock phase adjustment signal(s) and the 
clock frequency adjustment signal, and provides a clock recovery adjustment signal 222. 

[0037] Frequency error control signal upf/dnf is generated from clock frequency 

information in receiver 30. Like phase error control signal up/dn, frequency error control signal 
upf/dnf "is preferably a three- level signal having three states: +1 (wp/asserted), -1 (dnf asserted), 
25 and 0 (neither upf nor dnf asserted). However, it is also contemplated that frequency error 

> - 
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control signal upf/dnf may comprise a plurality of digital signals having the same logical 
outcome. Preferably, the clock frequency information is acquired and/or processed, and 
frequency error control signal upf/dnf 'is generated, by existing logic and circuitry in phase 
detector 102 in receiver 30, perhaps with a minimal amount of additional logic circuitry added to 
5 generate and/or provide frequency error control signal upf/dnf to clock frequency adjustment 
circuit 208. Thus, in one embodiment, the present clock recovery adjustment circuit further 
comprises logic configured to (i) sample the data stream at predetermined times and (ii) provide 
the clock frequency information and the clock phase information from sampled data. 

[0038] FIGS. 5 A and 5B show timing diagrams and the logic used to generate frequency 

10 error control signal upf/dnf As described above, the label symbols "e x " and "c x " respectively 
represent predefined phases of edge and center reference clocks derived from the PLL reference 
clock. The "c" and "e" reference clocks are configured to have a frequency that is an integer 
divisor of the received data stream transmission rate, and x represents the phases of each clock. 
In preferred embodiments, the integer divisor is 2 n , where n is from 1 to 4, more preferably 2, 
1 5 and x is a variable integer having a maximum value the same as the integer divisor (see, e.g., 
CCLK1, ECLK1, CCLK2, ECLK2, CGLK3, ECLK3, CCLK4 and ECLK4 in FIG. 6). 
Furthermore, as explained above, the "e" reference clock phases are designed to transition 
generally at the same time as transitions in the data stream, arid the "c" reference clock phases 
are designed to transition during excursions in individual data bits (see, e.g., the marked 
20 transitions of CCLK1, ECLK3 and ECLK4 in FIG. 6). It is well within the abilities of one 
skilled in the art of clock data recovery to design such reference clocks and use them in the 
manner described herein. 

[0039J As shown in FIGS. 5 A and 5B, the data stream is sampled at five points, using 

different phases of the "c" and "e" reference clocks. The sampled data is input into conventional 
25 logic gates that compare the data and compute a set of equations. Depending on the outcomes of 
the equations (as will be explained below), upf dnf or neither is asserted. 
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[0040] FIG. 5 A shows a condition in which the logic determines that the frequency of the 

recovered clock is too high. Herein, this is referred to as "an overshoot determination." At 
reference clock phases ci, e 2 , c 2 , e3 and c 3 , the data 240 is sampled. The data values at phases e 2 , 

C2 and e 3 are compared, the data values at phases Ci and e 2 are compared, and the data values at 

. . ■ • . . ■ . 

5 phases 63 and c 3 are compared. If all of the following conditions are met: (1) the data values at 
phases e2, c 2 and e 3 are all equal to each other; (2) the data values at phases ci and e 2 are not 
equal; and (3) the data values at phases e 3 and c 3 are not equal, then dnfis asserted, an 
appropriate adjustment is made, and the recovered clock frequency decreases. 

[0041] Referring now to FIG. 6, in this embodiment, consecutive "e x " reference clock 

10 phases (e.g., see the marked transitions of ECLK3 and ECLK4) are configured to correspond to 
one data bit length T. Referring back to FIG. 5, one can see that the recovered clock (which is or 
is generated from the phase-locked or phase-adjusted PLL reference clock, and therefore has a 
frequency corresponding or related to "e x " reference clock phases) has a period (or known 
fraction thereof) that is short relative to a data bit length (e.g., compare phases e 2 and e 3 with the 
15 data bit length). A clock period is the inverse of the clock frequency. Therefore, when the clock 

period is too short relative to the signal to which it is desired to lock, the clock frequency is too 

■ * 

high, and the clock frequency should be decreased to lock the clock to the desired signal. By 
also determining whether data transitions have occurred before phase e 2 (i.e., Cj £ e 2 ) and after 
phase e 3 (i.e., e 3 ^ c 3 ), one can conclusively determine that the recovered clock frequency is too 
20 high relative to the incoming data stream. 

[0042] FIG. 5B shows a condition in which the logic determines that the frequency of the 

recovered clock is too low. Herein, this is referred to as "an undershoot determination." The 
sampled values of data stream 250 at phases e 2 and c 2 are compared, and the sampled data values 
at phases c 2 and e 3 are compared. If (1) the data values at phases e 2 and c 2 are not equal to each 
25 other, and (2) the data values at phases c 2 and e 3 are not equal to each other, then upf Is asserted, 
an appropriate adjustment is made, and the recovered clock frequency increases. In this case, the 
logic is a little easier. By simply determining that two data transitions have occurred (e.g., e 2 1 

' » 
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i 

c 2 and c 2 ^ e3) within successive "e x " reference clock phases (e.g., e 2 and 63), one can 
conclusively determine that the recovered clock frequency is too low relative to the incoming 
data stream. 

[0043] Therefore, in certain embodiments, the clock frequency information in the present 

clock recovery adjustment circuit comprises (i) an undershoot determination and (ii) an 
overshoot determination relative to a data bit length. Furthermore, the logic providing the clock 
frequency information may be; configured to receive a plurality of predetermined phases of a 

* * * 

reference clock signal locked to and/or corresponding to the recovered clock signal. 

[0044] It is well within the abilities of one skilled in the art of clock data recovery and/or 

* . * " 

logic design to design and use logic configured to sample data and provide the clock frequency 
and phase information in the manner described herein. However, in preferred embodiments, the 
logic configured to sample the data stream comprises a set of parallel latches configured to latch 
a data bit value at successive intervals of the multi-phase reference clock(s) described above. 
Furthermore, the logic configured to provide clock frequency information preferably comprises 
first logic configured to determine whether the equation e 2 = c 2 = e3 is true or false, second logic 
configured to determine whether the equation c\ £ e 2 is true or false, third logic configured to 
determine whether the equation e3 ^ c 3 is true or false, fourth logic configured to determine 

* 

whether the equation e 2 ^ c 2 is true or false, fifth logic configured to determine whether the 
equation c 2 ^ e 3 is true or false, sixth logic configured to determine whether each of the first 
logic, second logic and third logic determine true outcomes, and seventh logic configured to 
determine whether each of the fourth logic and fifth logic determine true outcomes. Preferably, 
such logic comprises conventional binary logic gates. 

[0045] Referring back to FIG. 4, the clock frequency adjustment circuit 208 includes a 

multiplier 212a receiving the upf/dnf signal and, in series, an integrator 214a, which provides 
clock frequency adjustment signal 220 to adder circuit 210. Multiplier 212a also receives a 
frequency adjustment coefficient jif c , which is generally implemented as one or more bias signals 
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or voltages applied to multiplier 212a in accordance with conventional techniques. Integrator 
214a can be any conventional integrator. 

[0046] FIG. 4 also shows a similar structure for the two paths or legs of clock phase 

adjustment circuit 206, which includes parallel first and second clock phase adjustment paths 
5 207a and 207b configured to receive the clock phase adjustment control signal up/dn. A first 

* ■ * < 

clock phase adjustment path 207a includes a multiplier 212c and provides a first clock phase 
adjustment signal 218a. The second clock phase adjustment path 207b includes a multiplier 212b 
and an integrator 214b, and provides a second clock phase adjustment signal 218b. Multipliers 
212c and 2 1 2b respectively receive first and second phase adjustment coefficients (i p and |if, 
10 which are generally implemented similarly to frequency adjustment coefficient [if c , but which are 
generally generated independently from each other and from frequency adjustment coefficient 

M-fc ; . '. : .... ' _ ■ 

■ . ■ 

[0047] Generally, any number of clock phase adjustment paths may be included in the 

present clock recovery adjustment circuit. For example, a single clock phase adjustment path 
1 5 may be implemented, and such a path can have the structure and/or configuration of either first 
clock phase adjustment path 207a or second clock phase adjustment path 207b. More than two 
parallel clock phase adjustment paths may be included in the present clock recovery adjustment 
circuit (e.g., to improve or refine the resolution of the clock recovery adjustment signal), but at 
this time, such an implementation is less preferred. 

20 [0048] In further embodiments of the present clock recovery adjustment circuit, the clock 

phase information may comprise, relative to a data transition of the data stream, (i) an early 
clock phase determination and (ii) a late clock phase determination. Referring now to FIGS. 7A- 
7B, sets of waveforms and logic are shown that respectively illustrate an early clock phase 
determination and a late clock phase determination. 
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[0049] Three waveforms are shown in FIG. 7A: data, ECLK1 and CCLK2. As shown in 

FIG. 6, ECLK1 is configured to latch data at about the transition between the first and second 
data bits following a predetermined initial data bit (designated DO), and CCLK2 is configured to 

♦ 

latch data during the second data bit. If Dl f D2, then ei ^ c 2 and there has been a data 
5 transition between these reference clock phases at or before the expected time. This is an 
example of an early clock phase determination. 

i . 

[0050] On the other hand, the three waveforms shown in FIG. 7B are data, CCLK1 and 

ECLK1. As shown in FIG. 6, GCLK1 is configured to latch data during the first second data bit 
following the initial data bit. In this case, ECLK1 latches data after the transition between the 
10 first and second data bits. If, in this case, Dl ^ D2, then Ci ^ ei and there has been a data 

transition between these reference clock phases after the expected time. This is an example of a 
late clock phase determination. 

[0051] These are not the only reference clock phases that can be used for such phase 

determinations. For example, in the embodiment of FIG. 3B, CCLK1 and CCLK2 are used for a 
15 late clock phase determination. However, it is preferred that at least one of the clock phase 

determinations use data from successive phases of the reference clocks taken as a whole (e.g., c x 
and e x , or e x and c x +i), and that at least one other clock phase determinations use data from 
successive phases of the reference clocks taken as a whole or individually (e.g., c x and c x +i, or e x 
and e x+i ). 

20 [0052] Referring back to FIG. 4, the adder circuit comprises a first adder 216a and a 

second adder 216b. Adder 216a is configured to (i) add clock frequency adjustment signal 220 
and clock phase adjustment signal 218b, and (ii) provide a first adder output signal 224. Adder 
216b is configured to (i) add first adder output 224 and clock phase adjustment signal 218a, and 
(ii) provide clock recovery adjustment signal 222. Integrator 106 (which is an optional part of 

25 the present clock recovery adjustment circuit) may also provide a clock recovery adjustment 
signal, when included. 

* * 
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[0053] An Exemplary Clock Data Recovery Architecture 

[0054] In another aspect, the present invention concerns a clock data recovery 

architecture that includes circuitry for adjusting both the phase and the frequency of the 
recovered clock, such as the exemplary circuitry 210 of FIG. 4 A. Referring now to FIG. 8, the 
5 clock data recovery circuit generally includes a clock phase adjustment circuit 206 configured to 
receive clock phase information and adjust a recovered clock phase, a clock frequency 
adjustment circuit 208 configured to receive clock frequency information and adjust a recovered 
clock frequency, an adder circuit 210 coupled to the outputs of the clock phase adjustment circuit 
and the clock frequency adjustment circuit, configured to provide a clock recovery adjustment 
10 signal 222, and a clock recovery circuit, configured to sample a data stream and provide (i) a 
recovered clock signal RXCLK and (ii) the clock phase information and the clock frequency 
information from sampled data. 

[0055] In a preferred embodiment, the clock recovery circuit comprises a plurality of 

latches configured to sample the data stream at predetermined times, similar to the logic 

15 described above for sampling the data stream. Furthermore, the predetermined times may be at 
regular time intervals corresponding to an integer fraction of the PLL reference signal period. 
As described above, the integer fraction is preferably (l/2 n ), where n is at least 1, preferably 
from 2 to 7. In one implementation, n is 3. In that implementation, the recovered clock signal 
and the PLL clock signal have a frequency of about one-fourth the data transmission rate, but the 

20 reference clock is split into eight equally-spaced phases to correspond to the predetermined times 

* 

for sampling data. 

i . * • . 

[0056] Similar to the present clock recovery adjustment circuit, the present clock data 

recovery circuit may further comprise a plurality of logic gates configured to generate the clock 
phase information and the clock frequency information from sampled data. In addition, the 
25 clock data recovery circuit may further comprise a phase locked loop 1 14 configured to generate 

* 

_ 
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T 

1 . - ■ ' ■ 

a reference clock signal for (i) locking the recovered clock signal and/or (ii) generating the clock 
phase and frequency information. 

[0057] In further embodiments, the present clock data recovery circuit may further 

comprise one or more integrators 106, which may be configured to (i) receive an analog clock 
5 recovery adjustment signal from adder 206 (or, in the alternative, the present clock recovery 

♦ 

adjustment circuit) and/or (ii) provide a multi-bit and/or digital clock recovery adjustment signal 
RXDPHER to the receiver 30 for adjusting the recovered clock signal RXCLK. In a preferred 
embodiment, the clock recovery adjustment signal RXDPHER provided by the clock data 
recovery circuit integrator 106 is multi-bit and digital, and even more preferably, the width of 
10 this multi-bit, digital signal is p bits, where the number of reference clock phases from which the 
receiver interpolator (or reference clock selection circuit) may select is 2 P . In one 
implementation, this multi-bit, digital clock recovery adjustment signal is 7 bits wide (i:e., p = 

« 

> • 

[0058] In the present clock data recovery circuit, the primary clock phase adjustment 

15 circuit output is signal 218a (e.g., from the first clock phase adjustment path 207a of FIG. 4). 
However, the clock phase adjustment circuit output may further comprise signal 218b (e.g., from 
the second clock phase adjustment path 207b of FIG. 4). In the latter case, low pass filter 1 10 
may receive a clock phase-frequency adjustment signal 224 from adder circuit 210 (e.g., from 
adder 216a), clock frequency adjustment signal 220, or both (in which case low pass filter 110 
20 may further comprise an adder configured to add and clock phase-frequency adjustment signal 
224 and clock frequency adjustment signal 220). Preferably, low pass filter 1 10 receives clock 
phase-frequency adjustment signal 224 from adder circuit 210. 

[0059] The present clock data recovery circuit may also further comprise a transmitter 

clock adjustment circuit configured to provide a transmitter clock adjustment signal (e.g.* 
25 TXDPHER in FIG. 8) to the transmitter 20 for adjusting the transmitter clock signal TXCLK. In 
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preferred embodiments, the transmitter clock adjustment circuit may comprise (1) a low pass 
filter 110, (2) a function generator 112 and adder 340, and/or (3) an integrator 108. In one 
implementation, the function generator is a spread spectrum generator, which may add a 
triangular waveform to the transmitter clock adjustment signal TXDPHER to reduce 
5 electromagnetic interference (EMI) from the transmitter. Similar to the clock recovery 
adjustment signal RXDPHER, transmitter clock adjustment signal TXDPHER may be multi-bit 
and/or digital, and preferably is multi-bit and digital with a width of p bits, where the number of 
reference clock phases from which the transmitter interpolator (or reference clock selection 
circuit) may select is 2 P . In one implementation, this multi-bit, digital transmitter clock 
10 adjustment signal is 7 bits wide (i.e., p = 7). 

[0060] An Exemplary Transceiver 

[0061] A further aspect of the invention relates to a transceiver that includes circuitry for 

adjusting both the phase and the frequency of the recovered clock, such as the exemplary 
circuitry 210 of FIG. 4 A. The transceiver generally includes a clock phase adjustment circuit 

15 configured to receive clock phase information and adjust a recovered clock phase; a clock 
frequency adjustment circuit configured to receive clock frequency information and adjust a 
recovered clock frequency; an adder circuit 210 coupled to the outputs of the clock phase 
adjustment circuit and the clock frequency adjustment circuit, configured to provide a clock 
recovery adjustment signal; a clock recovery circuit, configured to sample a data stream and 

20 provide (i) a recovered clock signal and (ii) the clock phase information and the clock frequency 
information from sampled data; a receiver communicatively coupled to the clock data recovery 
circuit, configured to receive serial data from the network; and a transmitter communicatively 
coupled to the clock data recovery circuit, configured to transmit serial data to a network. 
Optionally, the transceiver may further comprise a PLL configured to provide a reference clock 

i ■ ■ 

25 signal to the transmitter and the receiver. Preferably, the transceiver is embodied on a single 
integrated circuit. 
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[0062] In further embodiments, the transceiver further comprises (i) a function generator, 

which in one implementation, comprises a spread spectrum wave generator as described above; 
(ii) a finite state machine, configured to reset the receiver, transmitter and/or clock recovery 
circuitry; and/or (ii) a configuration block configured to store and provide configuration 
information (e.g., one or more of the multiplier coefficients, a drive strength arid/or impedance 
for output buffers, PLL parameters such as frequency multiplier and/or divider values, a number 
of reference clock phases for the interpolators, spread spectrum wave function values, etc.) for 
the transceiver. 

[0063J The System and Network 

[0064] In a further aspect of the invention, the system comprises the present transceiver, 

at least one transmitter port communicatively coupled to the transmitter for transmitting serial 

data to an external receiver, and at least one receiver port communicatively coupled to the 

i ... 
receiver for receiving the data stream. The system is generally configured to transfer data 

between a coupled communications or storage device and other such devices across a network. 

In a preferred embodiment, the data stream is a serial data stream, the communications or storage 

device is a storage device, and/or the system is part of a storage network. 

[0065] In further embodiments, the system may be configured to convert serial data from 

the network to parallel data for a storage device, and convert parallel data from the storage 
device to serial data for the network. Furthermore, the system may further include (1) one or 
more converters configured to convert the serial data stream into parallel data; and/or (2) a 
storage device coupled to the transceiver, configured to receive the parallel data stream. In 
preferred embodiments, the storage device comprises a conventional magnetic and/or optical 
data storage device (e.g., hard disk drive, CD-ROM and CD-ROM drive, etc.) 



Customer No.; 23624 

Express Mail No.: EU492045678US MP0227 patent application rev 3.clean 



Docket No.: MP0227 Page 22 of 37 

[0066] A further aspect of the invention concerns a network, comprising (a) a plurality of 

the present systems, communicatively coupled to each other; and (b) a plurality of storage or 
communications devices, wherein each storage or communications device is communicatively 
coupled to one of the systems. The network may be any kind of known network, such as a 
5 storage network (e.g., RAID array), Ethernet, or wireless network, but preferably, the network 
comprises a storage network. 

[0067] The network may include any known storage or communications device, but 

preferably, at least a plurality of the coupled devices comprise storage devices. 

* * * .*-.--.* j ( 

[0068] Exemplary Methods of Adjusting a Recovered Clock and of Clock Data Recovery 

■ . ■ ■ • f 

10 [0069] The present invention further relates to methods of recovering a clock signal from 

a data stream and of adjusting such a recovered clock signal. The method of adjusting a clock 

signal recovered from a data stream generally comprises the steps of (a) sampling the data stream 

at predetermined times, (b) generating clock frequency information and clock phase information 

from sampled data, and (c) altering a frequency and/or a phase of the clock signal in response to 

15 the clock frequency information and the clock phase information. 

[0070] In a further embodiment, the sampling step may comprise latching the data stream 

at predetermined intervals. Preferably, the predetermined intervals are less than two data bit 
lengths, more preferably less than one and one-half data bit lengths, and most preferably about 
one data bit length or less. Furthermore, latching may be performed in response to a phase of a 
20 reference clock, where the reference clock may be configured to have (i) 2 q equally-spaced 
phases and (ii) a frequency of (l/2 q " 3 ) times the transmission rate of the data stream. 

[0071]. In a further embodiment, the step of generating clock frequency and phase 

information may comprise logically comparing data sampled at two or more successive phases of 
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the reference clock continuously, periodically or conditionally. In a specific implementation, 
generating clock frequency information may comprise logically comparing data sampled at (i) 
first and second successive reference clock phases, (ii) second, third and fourth successive 
reference clock phases, and (iii) fourth and fifth successive reference clock phases. In a further 
5 implementation, generating clock frequency information further comprises logically comparing 
. data sampled at (i) first and second successive reference clock phases, and (ii) second and third 
successive reference clock phases. Preferably, the two implementations are combined, in which 
case data is sampled at (i) first and second, (ii) second and third, (iii) second, third and fourth, 
(iv) third and fourth, and (v) fourth and fifth successive reference clock phases. 

... 

v- 

10 [0072] In other specific implementations, generating clock phase information may 

comprise logically comparing data sampled at (i) first and second successive reference clock 
phases and/or (ii) first and third reference clock phases, the third reference clock phase being two 
successive clock phases after the first reference clock phase. Preferably, these two 
implementations are also combined, in which case data is sampled at (i) first and second 

15 successive reference clock phases and (ii) second and fourth reference clock phases, the fourth 

i 

reference clock phase being two successive clock phases after the second reference clock phase. 

[0073] The logical comparisons may be performed periodically, e.g., every x cycles of 

the reference clock, where x is an integer of at least 8, preferably at least 1 6, more preferably at 
least 32. It is well within the abilities of one skilled in the art to design circuitry and/or logic for 

* * 

20 periodic sampling, but such periodic sampling would generally be activated by a conventional 
counter configured to count reference clock cycles and turn on switches in the sampling latches 
when the count target is reached. Conditional sampling may be dependant upon one or more 
conditions in the receiver, transceiver and/or network being met, such as the recovered clock and 
reference clock being out of phase alignment by at least a threshold value (e.g., at least 0.5%, at 

25 least 50 ps, etc.). It is also well within the abilities of one skilled in the art to design circuitry 
and/or logic for conditional sampling. 

Customer No.: 23624 ■. . . ■ 

Express Mail No.: EU492045678US ' MP0227 patent application rev 3 .clean 



. Docket No.: MP0227 Page 24 of 37 

* 

[0074] One object of the method is to phase lock the PLL reference clock signal (and 

thus, the recovered clock signal) to an incoming data stream. Therefore, in other embodiments, 
the method may further comprise (i) selecting a reference clock phase to provide to a phase 
detector receiving the data stream, or (ii) increasing or decreasing a voltage or current to the 
5 oscillator (e.g., PLL) providing the reference clock signal. In other embodiments, the method 
may further comprise adjusting (and preferably multiplying) the clock frequency information by 
a frequency adjustment coefficient and/or the clock phase information by a phase adjustment 
coefficient and/or a phase-frequency adjustment coefficient. 

* ■ 

[0075] In the aspect of the present method involving recovering the clock signal from a 

10 data stream, the method generally comprises the steps of receiving a data stream in a phase 
detector, sampling the data stream at predetermined times, generating clock frequency 
information and clock phase information from sampled data, and altering a frequency and/or 
phase of the clock signal in response to the clock, frequency information and the clock phase 
information. This method may further comprise the steps of (i) providing the (recovered) clock 
15 signal, (ii) providing the data stream from the phase detector (e.g., to a downstream converter or 
an attached storage or communications device), (iii) repeating the sampling, generating and 
altering steps until the clock signal is phase locked to a reference clock signal, and/or (iv) 
adjusting a frequency and/or phase of a second clock signal (e.g., the transmitter clock) in 
response to at least the clock frequency information and/or the clock phase information. 
20 Preferably, the method of recovering the clock signal from a data stream further comprises the 
steps of (1) providing the recovered clock signal, and (2) repeating the sampling, generating and 
altering steps until the recovered clock signal is phase locked to a reference clock signal. 

CONCLUSION I SUMMARY 

[0076] Thus,' the present invention provides a simple and efficient circuit, architecture, 

25 system and method for clock data recovery. The present circuit, architecture, system and method 
greatly improve the stability, reliability and effectiveness of receivers, transceivers, and 
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networks that process serial data. The present invention advantageously improves existing 
circuits and systems with minimal or no changes thereto, and with a minimum of additional 
circuitry and/or processing steps. 

■ 

* 

[0077] The foregoing descriptions of specific embodiments of the present invention have 

5 been presented for purposes of illustration and description. They are not intended to be 
exhaustive or to limit the invention to the precise forms disclosed, and obviously many 
modifications and variations are possible in light of the above teaching. The embodiments were 
v chosen and described in order to best explain the principles of the invention and its practical 
application, to thereby enable others skilled in the art to best utilize the invention and various 
10 embodiments with various modifications as are suited to the particular use contemplated. It is 
intended that the scope of the invention be defined by the Claims appended hereto and their 
equivalents. > 
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